We calculated the effects of structural distortions on the electronic structure of carbon nanotubes. The main effect of nanotube bending is an increased mixing of σ and π-states.
2 sheet and the way it is folded a variety of different nanotube structures are formed. The nanotubes are usually described using the chiral vector: C h = n a 1 + m a 2 , where a 1 and a 2 are unit vectors of the hexagonal honeycomb lattice and n, m are integers, and a chiral angle θ which is the angle of the chiral vector with respect to the zigzag direction of the graphene sheet 1,2 . The one-dimensional electronic structure of a nanotube with indices (n, m) can be predicted on the basis of the two-dimensional electronic structure of graphite.
Armchair (n, n) nanotubes have a band degeneracy between the highest π-valence band and the lowest π * -conduction band at k = ±(2/3)(π/a 0 ), where these bands meet the Fermi level, and should show metallic behavior. Among the other (n, m) nanotubes, the ones with n − m = 3i (where i is an integer) should also be metallic, while the rest should have a band-gap and, therefore, be semiconductors. 1,2 Recent STM spectroscopy experiments verified these predictions 3, 4 . Their electrical properties coupled with the superb mechanical strength of the nanotubes 5,6 makes these materials promising candidates for use as ideal one-dimensional (1-D) conductors, if ballistic transport can be achieved or, in the case of semiconducting tubes, as key building elements of novel nanoelectronic devices 7, 8 .
The above discussion of the properties of carbon nanotubes is based on the assumption that they have the perfect symmetry expected for a free nanotube. Nanotubes, however, are usually studied and utilized while being supported on a solid substrate. Studies of supported nanotubes using atomic force microsopy 9 and molecular mechanics calculations 10 show that supported nanotubes can undergo significant axial and radial distortions. The nanotubes tend to bend so as to conform to the morphology of the substrate and thus optimize the van der Waals adhesion forces. Similarly, the side of the nanotube in contact with the surface may flatten so as to optimize the contact area. The extent of the above distortions depends on the balance between the increased adhesion and the rise in strain energy produced by the distortions. These structural distortions can, in turn, modify the nanotube's electronic structure and electrical transport properties. For example, a reduction in symmetry may result in the lifting of degeneracies. An increased curvature can enhance σ-π mixing and
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rehybridization, while bond strain can modify the band-gap of semiconducting tubes. These effects may produce local barriers at the distortion regions and affect electrical transport.
Previous theoretical work on this problem 11 focused only on the π-electrons, ignoring the σ-electrons and the possibility of π-σ mixing, and concluded that the effects of bending distortions on electronic structure are insignificant. Experimentally, bends in quantum wires produced by patterning of two-dimensional electron-gas systems have been shown to affect transport and lead to interesting interference phenomena 12, 13 . It is thus likely that similar effects may be induced by bends in nanotubes and be observable in low temperature transport experiments.
Here we explore the effects of structural distortions on the electronic structure of nanotubes by performing Extended Hückel calculations on straight and bent armchair (6, 6) single-wall nanotubes. Important changes in the local density of states (LDOS) of σ and π-electrons and increased π-σ mixing are observed to develop as the nanotube is distorted.
These changes become stronger with increasing bending angle. In addition, a charge polarization of the C-C bonds in the distorted regions is observed. The electronic structure changes are expected to have important implications for the low temperature electrical transport properties of the nanotubes, and should also affect locally their chemical reactivity.
II. COMPUTATIONAL DETAILS
Electronic structure calculations were performed on a 972 atom cluster model (948 C and 24 H that saturate the dangling bonds at the ends) of a (6, 6) nanotube using the extended Hückel method 14 . The parameters used for carbon and hydrogen were: C 2s (H ii = -21.4 eV, ζ = 1.625), C 2p (H ii = -11.4 eV, ζ = 1.625), and H 1s (H ii = -13.6 eV, ζ = 1.3), where H ii and ζ are the orbital energy and Slater exponents, respectively.
In the undistorted nanotube, the C-C and C-H bond lengths were fixed at the values obtained for bulk graphite 15 that are 1.42 and 1.09Å, respectively. We have built models
The Effect of Structural Distortions . . . by Rochefort et al. The local density of states (LDOS) profiles presented in Figure 1 where the projection is summed over the contribution of the twelve carbon atoms contained in a particular section of the tube shows that the electronic structure along the tube is quite uniform. The similarity of the LDOS profiles indicates that the wavefunction of this finite size tube is delocalized over its entire length. The changes in the electronic structure (from -25 to 10 eV) induced by the bending of the armchair (6, 6) nanotube appear weakly in the total density of states spectrum. This is because the deformed region is relatively small compared to the total length of the nanotube. On the other hand, the LDOS along the nanotube length. i.e. the LDOS generated
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view of the DOS in this energy range. Bending is found to induce an increased DOS near E F (at about -1 eV BE). Furthermore, the DOS at E F remains finite in all bent nanotubes studied. More informative are LDOS curves along the nanotube length. In the case of a straight tube, the lack of change in LDOS along the tube indicates that π and π * states near E F are not confined in a specific area but are delocalized along its length. Upon bending, small changes in the electronic structure are observed at the tube boundaries. These changes result from the relaxation of the atomic structure of the entire nanotube upon bending. The largest changes are found, however, at the centers of the nanotubes (section 40), in particular in the kinked tube (60 • angle). Figure 4 shows an overall increase in the LDOS near Their studies indicated that electrically the nanotube was broken into a series of isolated islands as a result of barriers generated by the bending of the tube over the raised electrodes. 
